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In contrast to the above-mentioned findings, some studies have shown that, despite a higher resistance to fatigue, older adults show increased within-trial motor output variability (21, 68) during sustained contractions. This has been partially attributed to a higher variability in the motor unit discharge rate (6, 14, 43) . Other studies have shown that, for nonfatiguing tasks, older adults show larger trial-by-trial variability (7) and poor bimanual coordination (27) . To the best of our knowledge, there are no studies that have investigated the effects of local muscle fatigue on multielement coordination in the elderly population. The present study aims to address this question.
We study multielement coordination in motor tasks that involve redundant sets of elements using the principle of abundance and the idea of motor synergies (37) , and the computational apparatus associated with the uncontrolled manifold (UCM) hypothesis (39, 56) . According to the idea of synergies, the neural controller acts in a space of elemental variables, organizes in that space a subspace (UCM) corresponding to a desired value of a performance variable to which all the elemental variables contribute, and acts to limit variance across trials to that subspace. If the variance of the elemental variables within the UCM (V UCM ) is larger than the variance orthogonal to the UCM (V ORT ), we conclude that there is a motor synergy stabilizing that particular performance variable.
Previously, it has been shown that aging is associated with weaker multifinger synergies stabilizing total force (23, 31, 47) and also a counterintuitive drop in the index of unintended force production by noninstructed fingers of the hand (enslaving; Refs. 31, 58) . The lower enslaving in older adults correlated with the lower maximum voluntary force [maximum voluntary contraction (MVC)] (59). To disentangle the likely correlation between the force-producing ability and indexes of finger interaction and coordination, in the current study we selected a group of healthy older adults whose MVC force was comparable to that in our group of younger adults. Our first hypothesis was that, compared with young adults, strengthmatched older adults would show a smaller drop in MVC during fatigue. Our second hypothesis was that the beforefatigue index of enslaving would be similar for the two groups, and enslaving would show similar changes in the two groups during fatigue (cf. Refs. 61, 62) .
Previous studies on young healthy adults have shown that goal-relevant features of performance in a motor task that involves a redundant set of elements are relatively preserved after a fatiguing exercise by one of the elements (8, 9, 19, 28, 60, 62) . This was associated with an increase in the index of synergy (⌬V) stabilizing the task-relevant performance variables. Our third hypothesis was that older adults would show lower ⌬V before fatigue and smaller adaptive changes (i.e., smaller increase in the ⌬V) with fatigue. This hypothesis has been motivated by reports of age-related decrements in sensorimotor adaptation (3, 18, 42, 57) and in corticomotor plasticity (53) .
METHODS
Participants. Eight young (mean age 25.8 Ϯ 3.3 yr, 5 men; Young) and eight older (mean age 74.4 Ϯ 4.5 yr, 4 men; Elderly) adults participated in the study. All participants were right-handed (selfreported). The elderly participants were recruited from a local retirement community and passed a screening process that involved a cognition test, a depression test, a quantitative sensory test, and a general neurological examination. The mean weight and height of the Young group was 73.3 Ϯ 14.95 kg and 171.5 Ϯ 8.72 cm, respectively. The mean weight and height for the Elderly group was 78.3 Ϯ 13.28 kg and 168.7 Ϯ 18.08 cm, respectively. The hand length and width for the two groups were 7.10 Ϯ 0.28, 3.14 Ϯ 0.12, and 6.90 Ϯ 0.56, 3.23 Ϯ 0.27 cm, respectively. All of the participants were healthy with no known history of neurological or motor disorders. Hand length was measured as the distance from the tip of the distal phalanx of digit 3 to the distal crease of the wrist with the hand in a neutral flexion extension pose. Hand width was measured between the lateral aspects of the index (I) and little (L) finger metacarpophalangeal joints. None of the participants had a history of long-term involvement in hand or finger activities, such as typing and playing musical instruments. All participants gave informed consent, according to the procedures approved by the Office for the Research Protections of the Pennsylvania State University, University Park, PA.
Experimental setup. Four 6 degrees of freedom (DOF) strain-gauge force sensors (Nano-17, ATI Industrial Automation, Garner, NC) were used in the study. The sensors were placed under the index (I), middle (M), ring (R), and L fingers. Each sensor was covered with sandpaper (300 grit) to increase friction and prevent increased skin moisture during fatigue from affecting the sensors. All of the sensors were placed within slots in a panel that allowed the movement of the sensors in the sagittal plane of the participant, but not along the frontal plane. The participants determined the most comfortable location for each sensor, and the sensors were moved accordingly. The fixed distance between the centers of the sensors in the latero-medial direction was 3.0 cm. The analog signals of the normal force from the four force sensors were collected and digitized with a 12-bit analog-digital converter (PCI-6031 and PCI-6033, National Instruments, Austin, TX) with the help of a customized LabVIEW program (LabVIEW 10.0, National Instruments, Austin, TX). The sampling frequency was set at 200 Hz, and before each trial the signals from the sensors were zeroed.
During the experiment, the participants sat in a chair facing the test table with their upper arms at ϳ45°of abduction in the coronal plane and 45°of flexion in the sagittal plane. The elbow was flexed at ϳ135°. The right forearm rested on a wooden board that housed the sensors (see Fig. 1A ) and was strapped to the wooden board with three sets of Velcro straps. The left forearm rested on the laps of the participants. A custom-fit support object was placed underneath the palm of the right hand to help maintain a constant configuration of the hand and fingers while the participants performed the experiment. The participant's hand formed a dome-like structure with the metacarpophalangeal joint flexed at 20°and all interphalangeal joints slightly flexed as well. Participants were asked to select comfortable thumb positions during the experiment. A computer monitor was located 0.65 m away from the participant. The monitor displayed the task (described below in Procedures). Procedures. The experiment was conducted in a single session. There were four different tasks in the experiment. The first task was maximal force production trials (henceforth referred to as MVC trials). The second task was called single-finger ramp task. These trials were conducted to measure the unintentional force production in one-finger tasks by the noninstructed fingers. The third task was called one-finger rhythmic task, and this task was performed only by the I finger. The last task was called four-finger rhythmic task, and all four fingers of the right hand performed this task.
Before the participants started the experiment, they were familiarized with the protocols for all the four tasks. Familiarization trials were repeated for all of the different experimental tasks (except MVC trials for which only one practice trial was performed by participants) until the participant had acquired a reasonable level of consistency and accuracy. Typically the participants performed 1-2 trials for the ramp task and 8 -12 trials for each of the rhythmic tasks.
MVC trials. The participants performed MVC trials by each of the four fingers, I, M, R, L, and all four fingers together (IMRL). The participants were given visual feedback of their performance and were instructed to produce maximum force with the instructed finger [between the two vertical lines (separated by 5 s) in Fig. 1B] and to let go when they were unable to produce any extra force. Each trial was 30 s long, but the participants were only asked to produce their MVC within the 5-s time interval separated by the vertical lines. During the trial, they were asked to keep the uninstructed fingers on the sensors. The order of the five MVC trials was randomized across participants, and they were given a 2-min rest between trials.
Single-finger ramp trials. For this task, the participants were shown a template on the screen (see Fig. 1C ) and were asked to reproduce the template by producing force with the instructed finger. The template showed a linear ramp from 5% MVC to 40% MVC over a 10-s period (the total trial duration was 20 s). They were also asked to simultaneously ensure that the uninstructed fingers were placed on the sensors during the trial. Participants were instructed not to pay attention to any force production by the other three fingers, and no feedback on forces produced by these fingers was provided. The data from these trials were used to compute the enslaving matrix E (described in Data processing and the APPENDIX). There was one trial for each finger, as the instructed finger and the order of these trials were randomized across participants. A 15-s rest was given to participants between trials.
Rhythmic tasks. The next two tasks involved rhythmic accurate force production with one finger (I) and four fingers (IMRL). The computer screen showed two horizontal targets placed at 10 and 30% of MVC. The task was to change force profile in a smooth, sinelike fashion in such a way that the crests and troughs lied within the target range specified by two horizontal lines at 10 Ϯ 3 and 30 Ϯ 3% of MVC (see Fig. 1D ). Each trial was 30 s long. The participants were also required to do this at a pace set by a metronome that produced audible "ticks" at a frequency of 0.9 Hz. This frequency was set based on earlier studies that showed 0.9 Hz to be a comfortable frequency for young participants (20) . The elderly participants also found this frequency comfortable. Three trials were repeated in a block for both the one-finger as well as the four-finger task. There were 15-s intervals between trials within a task and 2-to 3-min intervals between tasks. The order of these two blocks was randomized across participants.
Fatigue protocol and during-fatigue trials. The participants were given a 5-to 10-min break after the completion of the before-fatigue trials. Participants performed a 1-min fatiguing exercise with the I finger at MVC, followed by a 20-s refatiguing exercises after each trial to avoid recovery from fatigue. At all times, the participants were verbally encouraged to produce as high forces as possible. This protocol has been used in our laboratory's previous studies (11, 49, 61, 62) . Before and during the fatiguing exercise, the participants were reminded to try not to involve noninstructed fingers of the hand and to avoid excessive muscle co-contraction (stiffening the hand). For each participant, the during-fatigue trials within a condition were conducted in the same order as the before-fatigue trials. For the duringfatigue trials, the single-finger ramp tasks (5% MVC to 40% MVC over a 10-s period) and rhythmic tasks (10 Ϯ 3 and 30 Ϯ 3% of MVC) were scaled to the MVC forces that were produced by the participants after performing the fatiguing exercise(s).
Data processing. The data were processed using MATLAB (MATLAB version 7.10.0. Natick, MA; The MathWorks, 2010). The data were filtered using a fourth-order zero-lag Butterworth filter with a cutoff frequency of 10 Hz.
Peak MVC force task. Peak MVC force was measured at the instant when the combined force of the instructed fingers peaked.
Single-finger ramp task. The single-finger ramp tasks were performed to compute the unintended force produced by the nontask fingers. This phenomenon has been termed enslaving (13, 32, 46, 73) . To account for the phenomenon, we convert the force data matrix into force modes. Force modes are hypothetical elemental variables that can be modified by the controller one at a time. We first computed the enslaving matrices (E) for each participant by using the single-finger ramp trials. The method of computation of E has been previously described in detail in several publications (31, 62, 63) and is also described in the APPENDIX. The index of enslaving "E" was computed as the sum of the off-diagonals of E. E was used to compute the time changes in the vector of hypothetical commands to fingers (force modes, m) based on the forces produced by each finger:
where m and f are force mode and force vectors, respectively; subscript i denotes a finger (I, M, R, or L), and subscript t denotes a time point. Rhythmic force production tasks. For the one-finger and fourfingers trials, we rejected data from the first and last 3 s of each trial to remove edge effects within a trial. The total force data (F TOT) were segmented into the periods of force increase (force-up) and force decrease (force-down). To compute the root mean square error (RMSE) for the rhythmic task, the quasi-sinusoidal force profiles were aligned and averaged for the force-up and force-down segments separately. Only those segments where the force crossed the midline were considered for analysis. In addition, we rejected segments where the start or end of segment was Ͼ15% MVC away from the target or Ͻ20% of a cycle away from the metronome tick. The accepted segments were then resampled into 100 points using cubic spline interpolation. RMSE and variance of force were computed about the mean at each of the resampled points and then averaged over the 100 points for both the force-up and force-down half-cycles. In this paper, only the force-up cycles are analyzed and presented. The RMSE was computed for the F TOT, whereas the variance of force was computed for the forces produced by each finger. For across-participants comparisons, RMSE was normalized by 20% (mean value of the sinusoidal cycle) of MVC (IMRL), and variance was normalized by the square of 20% of MVC (IMRL).
Analysis of multifinger synergies. The analysis of multifinger synergies stabilizing the F TOT for the four-finger tasks was performed within the framework of the UCM hypothesis (56) . According to the UCM hypothesis, the neural controller works in a space of elemental variables and creates in that space a subspace corresponding to a desired value of a particular performance variable. The four-dimen-sional space of finger modes can be divided into two subspaces, one corresponding to a fixed value of the F TOT (the UCM, three-dimensional space) and the other leading to changes in the FTOT (VORT, one-dimensional). The amount of trial-by-trial VUCM and VORT were computed per DOF. A synergy index, ⌬V, was computed reflecting the relative amount of VUCM and VORT in the total variance (VTOT), also per DOF [VTOT ϭ 0.25 ϫ (3VUCM ϩ VORT)]. The computational methods for computing force-stabilizing synergies are described in detail in the APPENDIX.
Statistics. The data are presented in the paper and Figs. 2-6 as means Ϯ SE. The study had a three-factor design with fatigue (before fatigue and during fatigue as two levels) and group as the fixed factors (Young and Elderly as levels), and participants as a random factor. Participants were nested within the factor group. Repeated-measures (RM) ANOVAs were used to test hypotheses on the effects of fatigue and group. A linear-mixed model for RM was fit to the data. Diagnostic tests were performed on the data, and they were checked for normality (Shapiro-Wilk test) and heteroscedasticity (Levene's test). Appropriate transformations were made to the data before the ANOVA tests were performed wherever necessary. The level of significance was chosen at ␣ ϭ 0.05. All statistical tests were performed in SPSS 20.0.
RESULTS
Before fatigue, there were no differences between the two groups for most of the variables of interest. Fatigue caused a larger decrease in the maximal voluntary force produced by the I finger, MVC (I), and by all four fingers together, MVC (IMRL); a larger increase in the error index during accurate force production task by the I finger, RMSE (I); a smaller increase in V UCM ; and a smaller increase in the ⌬V for the Young group compared with the Elderly group. None of the other effects induced by fatigue were statistically different between the two groups.
Effects of fatigue on maximal force and enslaving. Before fatigue, there were no differences in the MVC and index of enslaving, E, between the two groups. The fatiguing exercise led to a significant drop in MVC of both one-finger and four-finger tasks. Five separate ANOVAs were performed on the MVC of each finger combination (I, M, R, L, and IMRL) with fatigue and group as factors. On average, fatigue led to a 27% decrease in MVC (I) for both the groups. The two-way RM ANOVA showed a main effect of fatigue [F (1, 14) ϭ 74.53, P Ͻ 0.001] and a fatigue ϫ group interaction [F (1, 14) ϭ 5.5, P Ͻ 0.05]. Since the two groups had similar MVCs before fatigue, post hoc t-tests confirmed that the drop in MVC (I) was significantly greater for the Young group (ϳ32.5%, see Fig. 2C ), and the increase was similar for both groups. The two-way RM ANOVA model showed a main effect of fatigue [F (1, 14) 
Effects of fatigue on accuracy of rhythmic task performance. In general, error about the mean performance for the one-finger task, RMSE (I), seemed larger than the error for the four-finger task, RMSE (IMRL) (ϳ15%, but not significant, see Fig. 3 ). Before fatigue, RMSE (I) and RMSE (IMRL) also appeared to be larger for the Elderly group than the Young group by ϳ25 and 30%, respectively. However, t-tests did not reveal any significant differences between the two groups.
A three-way RM ANOVA with fatigue, group, and task (I and IMRL as levels) and RMSE as the dependent variables showed a main effect of fatigue [F (1,13.5) (1, 14) ϭ 3.6, P ϭ 0.08]. Post hoc t-tests showed that fatigue led to a large increase in RMSE (I) (see Fig. 3A ) for the Young group (0.08 Ϯ 0.01 to 0.12 Ϯ 0.02, increase of ϳ50%), while there was only a minimal change for the Elderly group (0.10 Ϯ 0.01 to 0.11 Ϯ 0.01). For RMSE (IMRL), a two-way RM ANOVA with fatigue and group as factors only showed a significant main effect of fatigue [F (1, 14) ϭ 4.86, P Ͻ 0.05]. Since RMSE (IMRL) was similar between the two groups before fatigue, this indicates that the changes during fatigue in RMSE (IMRL) were not statistically different between the two groups (see Fig. 3B ). RMSE (IMRL) increased by ϳ10% (from 0.07 Ϯ 0.01 to 0.077 Ϯ 0.008) in the Young group and from 0.09 Ϯ 0.01 to 0.11 Ϯ 0.02 in the Elderly group.
Effects of fatigue on force sharing and variance of finger forces in the four-finger rhythmic task. Force sharing was defined as the ratio of the force produced by the individual digit to the F TOT in the four-finger rhythmic task. Before fatigue, there were no differences in the force-sharing patterns of all of the four fingers between the two groups. On average, the share of the force produced by the I finger was 0. were not statistically different between the two groups, even though the average magnitude of increase for the Elderly group was larger than that for the Young group. Fatigue had no significant effect on Var(M) and Var(R) (see Fig. 4, B and C) . In contrast, fatigue decreased Var(L) in both groups by ϳ 60% (see Fig. 4D Effects of fatigue on multifinger synergies. We analyzed patterns of across-trial covariation among hypothetical commands to fingers (finger modes) by using the framework of the UCM hypothesis (56) for the four-finger rhythmic tasks. We used an index of covariation as an index of a force-stabilizing ⌬V. Variance in the finger mode space was computed across trials Fig. 5A ). V ORT also increased during fatigue for both the groups by ϳ65%, but there were no statistical differences between the groups (see Fig. 5B ). A two-way RM ANOVA on V ORT only showed a main effect of fatigue [F (1,12.6) ϭ 5.8, P Ͻ 0.05]. No other effects were significant. Before fatigue, there were no differences in the ⌬V between the two groups (see Fig. 6 ). Both groups showed an increase in the ⌬V during fatigue. A two-way RM ANOVA with Z-transformed ⌬V as the dependent variable showed a main effect of fatigue [F (1, 14) ϭ 8.99, P Ͻ 0.01] and a fatigue ϫ group [F (1, 14) ϭ 5.4, P Ͻ 0.05] interaction. Post hoc tests showed that fatigue caused a larger increase in Z-transformed ⌬V for the Elderly group (ϳ50%) compared with the Young group (ϳ7%) (see Fig. 6 ).
DISCUSSION
Our results generally confirmed the first two hypotheses, but not the third hypothesis, formulated in the Introduction. Our first hypothesis was that, compared with young adults, strengthmatched older adults would show a smaller drop in MVC during fatigue. Indeed, we observed a significantly smaller drop in the MVC during the one-finger task performed by the exercised (I) finger and by all four fingers together. The second hypothesis was that the before-fatigue index of enslaving would be similar for the two groups, and enslaving would show similar changes in the two groups during fatigue. While older subjects, on average, showed somewhat smaller enslaving indexes (cf. Ref. 58 ), these differences did not reach significance; fatigue produced similar changes (an increase) in the enslaving indexes in the two groups. The third hypothesis was that older adults would show lower ⌬V before fatigue and smaller adaptive changes in these indexes with fatigue. In fact, older adults showed larger changes in the ⌬V with fatigue. One of the main differences between the findings of the present study and previous aging studies (31, 47, 59 ) is that we found no major differences in the MVC, enslaving, RMSE, and force-stabilizing synergies between the two groups before fatigue. This was because of the selection criteria for older subjects. In this study, we recruited strength-matched participants to eliminate the possible strength-related confound (cf., the "strength-dexterity trade-off" in Ref. 59 ) and focus only on the effects of age on indexes of finger interaction and coordination and their changes with fatigue.
Are the elderly more fatigue resistant than young adults? The results from our present study showed smaller drops in MVC of the fatigued finger (I) and the four fingers (IMRL) for the Elderly group compared with the Young group. These results are similar and consistent with other previous studies that have shown longer endurance times for the elderly population during fatigue in an isometric task (29, 30, 34, 72) . Another recent study by Walker and colleagues (69) has shown that older men are more resistant to central fatigue during maximal strength exercises. These findings have led to a commonly held belief that, for isometric tasks, muscles in older adults are more fatigue resistant than in young adults (reviewed in Ref. 1). The higher fatigue resistance in the elderly has been associated with a preferential atrophy of type II fibers (35, 40) and a preferential loss of fast motor units (16) with aging. Our data corroborate the general idea that the elderly are more fatigue resistant than young adults (though this may be due to other reasons, see Limitations of the present study).
Do the elderly show larger changes in ⌬V because they are more fatigue resistant? There have been no studies comparing changes in synergies to graded fatigue, leading to MVC drops of different magnitude. Based on the idea that the synergy changes are adaptive to fatigue (62), we expect these changes to be larger for conditions with stronger fatigue effects (estimated as the amount of MVC drop due to fatigue). This was expected because, in one of our previous studies, we have shown that a fatiguing exercise performed by the I finger of one hand leads to a drop in the MVC of the fingers of the same hand, as well as the nonexercised hand (63) . The drop in MVC was larger in the exercised hand. The dissimilar drops in MVC of the exercised as well as nonexercised hands indicated that the neural pathways associated with both of the hands were affected during fatigue, and that there was possibly a decrease in the central drive during fatigue. However, when the participants performed unimanual rhythmic force production task during fatigue (same task as the present study), the exercised hand showed an increase in RMSE, V UCM , and V ORT , whereas it seemed that there was only an increase in V UCM for the nonexercised hand (although this increase was smaller in magnitude and did not reach statistical significance). Hence, the larger MVC drop in the Young group in the present study is expected to lead to larger synergy changes. Our result, however, is opposite. The two groups showed similar increase in V ORT during fatigue, but we observed larger changes in V UCM and the ⌬V in the Elderly. This observation suggests that the differences between the two groups in the effects of fatigue on the ⌬V were not due to the differences in the MVC drop. We discuss some potential mechanisms below.
Changes in synergic control with age and fatigue. Typical everyday movements involve more elements (joints, muscles, digits, etc.) compared with the number of constraints associated with everyday tasks. This is referred to as the problem of motor redundancy (2) . There are two ways to perform such actions: element based and synergic. Element-based actions are associated with selection of particular combinations of elemental variables (those produced by the elements), for example, those that optimize a certain cost function (cf., Refs. 10, 50). Synergic control is associated with creating links among elemental variables such that they can show different values as long as these values covary to stabilize task-related performance variables to which they all contribute (36) . Many everyday actions performed by young adults are associated with synergies stabilizing potentially important performance variables (reviewed in Refs. 38, 39) .
Older adults showed impaired synergic control in a variety of tasks, including accurate force production tasks with a redundant set of digits (31, 47) . These findings, in combination with the documented decrease in the enslaving index with age (58, 59) , have led to a hypothesis that aging is associated with a progressive switch from predominantly synergic control back to element-based control ["back-to-elements" hypothesis (31)]. These changes could be causally related to the documented progressive death of neurons with age in supraspinal structures (24, 66, 67) .
The idea is illustrated in Fig. 7 . It assumes two hierarchically higher levels that define an input into the primary motor cortex (M1). The level of multifinger control [synergic (Syn)] can be Earlier studies of the effects of fatigue on multifinger synergies in young adults resulted in an unexpected finding: synergies became stronger during fatigue (60, 62, 63) . These adaptive changes allowed multielement actions to preserve relatively high accuracy when some of the elemental variables showed increased variability during fatigue (60, 62) . In our present study, we also observed smaller effects of fatigue on accuracy of the performance of the four-finger task compared with the single-finger task in the Young group (Fig. 3) . The "back-to-elements" hypothesis suggests that older persons would not have a comparable ability to strengthen synergies because of the overall impairment in synergic control. Our results argue against this prediction: in fact, older persons showed significantly higher changes of multifinger synergies with fatigue (Fig. 6 ). These changes were associated with a very large increase in the amount of "good variability" (V UCM , see Fig. 5 ). Note that large amounts of V UCM cannot be predicted by an optimization of a cost function and is a sign of strong synergic control (cf. Ref. 71 ). This very unexpected result is discussed in the next subsection.
Is strength a defining factor in age-related changes in motor coordination? There is a striking contrast between the results of our tests before fatiguing exercise and those reported earlier.
Several earlier studies reported low MVC forces, lower enslaving indexes, and lower ⌬V in older adults compared with younger adults (47, 58) . In our studies, none of the mentioned indexes showed a significant difference between the young and older adults. We believe that the cause for the seeming inconsistency is the selection of older subjects in the present study who were not only in an overall very good health, but were very close to the younger group in their strength.
Several group comparisons of the indexes of finger interaction and coordination have shown consistent correlations with indexes of maximal voluntary force production (31, 59) . In addition, a study of the effects of finger strength training in older adults have documented parallel changes in MVC indexes, enslaving, and indexes of multifinger force-stabilizing synergies (48) . In that study, strength training also produced a significant improvement in the performance of the participants in the dexterity test (pegboard test). Taken together, these findings suggest that there may be a common underlying factor leading to parallel changes in strength and coordination indexes.
We suggest that the rate of neuronal death at different levels of the central nervous system with age may be such a factor. Progressive death of ␣-motoneurons in combination with the processes of muscle fiber denervation and reinnervation (51) is a likely important contributor to the loss of muscle mass and MVC force in older adults. On the other hand, if a similar process takes place in supraspinal structures (24, 66) , it may be expected to lead to lower enslaving and weaker synergies as in the "back-to-elements" hypothesis (31) . The selection of our subjects based on their preserved MVC might result in a subgroup of older adults in whom the age-related neuronal degeneration processes were slower compared with the general elderly population. This could lead to the mentioned differences in the results of our prefatigue tests compared with the earlier studies. These results also suggest that strength training may be a method to avoid age-related decrement in finger interaction and coordination (31, 58, 59) . The study by Walker and colleagues (69) has compared the effects of constant vs. variable external training on young and old individuals. Based on the results from that study and our study, it seems that the elderly might benefit more from maximal strength training protocols for improving strength, as well as coordination.
The unexpectedly large increase in the ⌬V after the fatiguing exercise in older adults may result from several factors. First, there is a possibility that the decreased projections in Fig. 7 , underlying the impaired synergic control in older persons, could reflect not anatomical but functional impairment; then,
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M1
Pre-M1 Fig. 7 . An illustration of the "back-to-elements" idea using a cartoon of a hypothetical hierarchy with two levels that are defined inputs into the primary motor cortex (M1). Young adults can control individual fingers (Ind), but these projections (thin arrows) are overpowered by the strong synergic control (Syn; thick arrows).
In older adults, the trend is reversed: Ind projections become relatively stronger, resulting in better finger individuation (lower enslaving), while Syn control is weaker.
under certain challenging conditions, these projections may start to function, thus creating more room for improvement of the ⌬V. It is also possible that older adults showed larger modifications of the sharing pattern from trial to trial and from cycle to cycle while searching for a more comfortable way to perform the task under the conditions of fatigue. Younger adults could find a new, "optimal" way of performing the task quicker (cf. delayed adaptive changes in older adults Refs. 18, 57) and then show only spontaneous changes in the sharing pattern reflected in V UCM . The much larger increase in V UCM in older adults could reflect two factors, the spontaneous changes in the sharing pattern (as in younger adults) and continuing search for more comfortable ways to perform the task. A natural next step to test this hypothesis would be to perform a larger cross-sectional study of older adults with varying degrees of age-related strength reduction. Limitations. One of the main conclusions from our study is that strength training may assist in avoiding age-related decrements in finger interaction and coordination. However, we should interpret these results with some caution. One confounding factor of the study could be a subpar effort from the elderly participants during the fatiguing exercise. This is very unlikely, because we provided similar encouragement to the two groups as we have provided in all of our previous fatigue studies and expected that both groups of participants would respond to the encouragement in a similar way. The similar changes in RMSE (IMRL), V ORT , and larger changes in V UCM and the ⌬V with fatigue in the Elderly group provide indirect support for our assumption that the older adults produced at least as much effort as the younger subjects. Another limitation was the relatively moderate group size (8 participants each), which could be the cause of a few close-to-significant effects. A third possible confound for our present study could be similarities in cognitive abilities of the two groups. Studies have shown that physical fitness is associated with slower cognitive decline in older adults and motor functioning (26, 52) . Most of our elderly and young participants were involved in recreational fitness activities, and it is likely that they also had similar cognitive and motor functions. Our rhythmic tasks were fairly demanding, and they require concentration to maintain both spatial as well as temporal accuracy. Our task is definitely more difficult to perform during fatigue. In such tasks, an interaction between fatigue and cognitive functions (41) cannot be ruled out and needs further examination.
According to the earlier studies, a fatigue-induced increase in variance of force produced by the fatigued finger could be expected (61, 62) . However, that was not the case in the present study. We think that the difference could be due to the slightly different experimental design. In all previous studies, the participants trained on all the tasks on day 1 and then returned the following day to perform the actual study. This was done to minimize the effects of learning within a session. In the present study, we could not repeat the previous design and compromised by performing the experiment on a single day, while giving more trials for training to both groups. However, this design might lead to data affected by a combination of fatigue and learning within the session. It seems plausible that the young adults learned the task better than the elderly, resulting in the relatively reduced variance of the force produced by the individual digits during fatigue. This possible interaction of the effects of fatigue and learning is a study limitation. One final possible limitation/confound is related to results of force-tracking experiments in older subjects using visual feedback that showed greater force variability within a trial due, apparently, to specific deficits involving visual control of force (45, 64, 65) . We think, however, that this factor was unlikely to play a major role in our main tests because of two factors. First, the synergy analysis was performed across trials. So, possible age-related differences in the time series structure were not expected to have strong effects on our outcome variables. Second, our task was not truly a force-tracking task, because the visual feedback only showed the two force zones between which the force had to oscillate.
APPENDIX
The data from the cyclic force production task were analyzed within the framework of the UCM hypothesis. To recapitulate, the space of elemental variables (commands to individual fingers, finger modes) is divided into two subspaces: one corresponding to the desired value of the performance variable (F TOT, the UCM, threedimensional space), and the other that corresponds to changes in the FTOT (VORT, ORT, one-dimensional). Furthermore, variance across trials is compared within the two subspaces (per dimension); if significantly more variance lies within the UCM, then a conclusion is drawn that a multielement synergy stabilizes the F TOT.
Due to the phenomenon of enslaving, individual finger forces covary positively. To analyze the task-specific patterns of covariation, forces have to be converted into finger modes (it is assumed that the controller can hypothetically change finger modes one at a time). This was done using the corresponding enslaving matrix, E. Single-finger ramp trials were used to generate E for each participant. For each single-finger trial, a linear regression of the forces produced by individual fingers against the F TOT produced by all of the four fingers over a 8-s time interval in the middle of the ramp was computed. The regression coefficients were used to construct an enslaving matrix for each participant as follows: where bi,j is the slope of the regression equation when finger i force was regressed on the sum of all four finger forces, where finger j is the task finger. Computation of the enslaving matrix E, allowed for a conversion of the force data f into finger modes by using the equation m ϭ E Ϫ1 f, where m is the mode vector. In the IMRL task, changes in the value of the FTOT can be written as a function of the changes in the modes dm ϭ [dm i dmm dmr dml] T , where T signifies a matrix transpose.
We used force modes, m, as elemental variables. The FTOT was the performance variable. The UCM is defined by an orthogonal set of eigenvectors in mode space e i that do not change the FTOT, i.e., 
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